We report the effect of growth temperature on defect states of GaN epitaxial layers grown on 3.5 μm thick GaN epi-layer on sapphire (0001) substrates using plasma assisted molecular beam epitaxy. The GaN samples grown at three different substrate temperatures at 730, 740 and 750
• C were characterized using atomic force microscopy and photoluminescence spectroscopy. The atomic force microscopy images of these samples show the presence of small surface and large hexagonal pits on the GaN film surfaces. The surface defect density of high temperature grown sample is smaller (4.0 × 10 8 cm −2 at 750 • C) than that of the low temperature grown sample (1.1 × 10 9 cm −2 at 730 • C). A correlation between growth temperature and concentration of deep centre defect states from photoluminescence spectra is also presented. The GaN film grown at 750
• C exhibits the lowest defect concentration which confirms that the growth temperature strongly influences the surface morphology and affects the optical properties of the GaN epitaxial films. C 
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I. INTRODUCTION
The GaN-based semiconductor materials have been attracting immense interest particularly due to their importance in many applied fields such as ultraviolet light emitting diodes, high electron mobility transistors, optical data storage and related devices. [1] [2] [3] [4] [5] [6] The minimization of the defects and obtaining the smooth film with high structural quality of GaN surface are the key factors for realization of high performance GaN based devices. The defects are main concern for several reasons. The defects cause large leakage current and thereby degrading the performance of the devices. In GaN epilayers, these defects are expected to affect the electronic structure and optical properties. Therefore, the defects in the grown film become a critical issue for the devices. There are a number of reports related to the studies of quantitative analysis of defects concentration. 7, 8 However, the influence of growth temperature on defect concentration and the nature of the mid-gap defect states are less explored. 9, 10 Atomic force microscopy (AFM) characterization is one of the surface characterization techniques to study the surface morphology, roughness and the surface defects/dislocation density on GaN epitaxial film. 2, 11, 12 The surface pits and hexagonal pits has been characterized by AFM on GaN film grown by metal organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE). 2, [11] [12] [13] [14] [15] In these studies, the formations of hexagonal shaped pits are attributed to the presence of screw/mixed threading dislocations in GaN films. 2, 14 In addition, ex-situ AFM characterization has been typically used to optimize the growth conditions such as Ga/N flux ratio and growth temperatures to obtain high quality epitaxial films.
14 Apart from the surface defects, the optical properties are strongly influenced by the growth temperature and these can be easily probed using photoluminescence (PL) spectroscopy. There are many experimental investigations on the optical a Electronic mail: kushvahas@nplindia.org properties using PL which show that the PL spectra are sensitive to the changes in the mid-gap defect states. Grieshaber et al. 16 have shown that there are two different luminescence centres present in GaN epilayers, one centered at 3.4 eV and other centered at 2.2 eV. The peak at 3.4 eV is mainly due to the band to band transition and the 2.2 eV peak has contributions from the intrinsic defect states.
In this paper, we report the effect of growth temperature on the defects in the epitaxial GaN films grown using plasma assisted molecular beam epitaxy (PAMBE). The structural and optical properties of the GaN films were characterized using AFM and PL, respectively. The AFM studies show the terraces with clear atomic steps with small surface and large hexagonal pits in GaN films grown on epi-layer GaN template. We found that the density of surface defects decreases from ∼ 1.1 × 10 9 cm −2 to ∼ 4.0 × 10 8 cm −2 with the increase of the growth temperature from 730
• C to 750
• C. The PL spectra were measured for indentifying the nature of the defect states contributing to the band gap region. We observed that the concentration of the defect levels strongly depend on growth temperature. The variation of deep level defect distribution at different growth temperature and its correlation with defects density has been discussed.
II. EXPERIMENTAL DETAILS
The epitaxial GaN films were grown in RIBER PAMBE system which consist growth and preparation chambers. The base pressure in the growth chamber was better than 5 × 10 −11 Torr. The growth chamber is equipped with reflection high energy electron diffraction (RHEED), standard effusion cell for Ga evaporation and a radio-frequency (RF) nitrogen plasma source to supply nitrogen radicals. The growth substrates are commercially available Lumilog n-type 3.5 μm thick epi-layer GaN templates grown by MOCVD on 2 inch c-plane sapphire. The back side of the template is coated with 1 μm thick Mo layer to increase the heat absorption from infra-red radiation heater and to obtain a uniform heat distribution. The templates were cleaned using standard organic solvents and de-ionized water. Prior to growth, the substrate was degassed for several hours at 300
• C in the preparation chamber, followed by 2 hour degassing at 700
• C in the main growth chamber. For all samples grown in this work, the nitrogen plasma with RF power of 400 Watt was used to supply nitrogen radicals during GaN growth. The nitrogen leak valve was set to produce a chamber pressure of 1.5 × 10 −5 Torr. All GaN samples were grown on templates under Ga/N ratio ∼ 1 condition at three different growth temperatures, 730
• C (sample 1), 740
• C (sample 2) and 750
• C (sample 3). The substrate temperature was measured by the optical pyrometer on the GaN surface. Even though the uncertainty in the temperature measurement can be as large as ±5
• C, it will be constant for all quoted growth temperatures. In-situ monitoring of the growth process was done by RHEED technique. The streaky RHEED pattern was obtained during GaN growth process which indicates near stoichiometric two-dimensional layer-by-layer growth of GaN film. The GaN growth rate and overall growth duration for all samples is ∼ 400 nm/h and 3 hrs, respectively.
The polarity of MBE grown GaN epitaxial films were determined using chemical etching in KOH solution (KOH:H 2 O = 1:5 in weight ratio) for 30 min followed by the surface characterization using AFM. We did not observe any changes in surface morphologies on GaN samples after chemical etching (not shown here). It has been previously reported that the Ga-polar surface is chemically inert to KOH solutions while N-polar surface offers a continuous etching, independent of the GaN deposition techniques and growth conditions. 17 This observation indicates that our PAMBE grown GaN samples have Ga-polar surface.
The Multimode-V Veeco AFM was employed in tapping mode to characterize the surface morphology of epitaxial GaN films using silicon tips of curvature radii less than 10 nm. The rootmean-square (rms) roughness of PAMBE grown GaN surfaces was determined from AFM images of 2 μm × 2 μm areas. The optical properties of epitaxial GaN film grown at different growth temperatures were studied using PL spectroscopy. The PL measurements of all the samples were performed with excitation wavelength of 325 nm at room temperature. The beam was focused onto the sample mounted at 45
• to the incident light. The emitted PL signals were passed through an emission monochromator and recorded using a photomultiplier tube. The spectral resolution of the monochromator was < 5 meV. 
III. RESULTS AND DISCUSSION
A. Surface morphology of epitaxial GaN films
Surface morphologies of the epitaxial GaN film grown on epi-layer GaN on sapphire substrates at different growth temperatures were investigated using AFM in tapping mode. Figure 1(a) shows a typical AFM image of MOCVD grown 3.5 μm epi-layer GaN film on sapphire (template). The surface morphology of the GaN template was quite smooth, consisting of arrays of straight narrow (width 50-120 nm) terraces with step heights ∼ 3 Å, very similar to previous reports describing the morphology using AFM images of MOCVD grown GaN epitaxial films. 18, 19 This step height agrees well with the one GaN(0001) monolayer (2.6 Å) thick layer. 20 Some of the steps are terminated tangentially at the edges of shallow depressions or pits with depth ranging 1.2-2.5 nm. Fig. 1(b) represents the AFM image of PAMBE grown 1.2 μm thick GaN film at growth temperature 730
• C (sample 1). Our AFM image shows no spiral hillocks on the MBE grown GaN film surface which is typically obtained on the GaN surface grown by PA-MBE under Ga-rich conditions at low temperature. 19 It shows that the surface of the epitaxial grown GaN film has high surface defects and consists of terraces with step heights of one monolayer thick GaN(0001). The rms roughness value for sample 1 is 3.84 nm. Three types of defects in GaN films namely; distorted hexagonal pits, hexagonal pits and small surface pits were observed on GaN film as shown by arrow pointer, dotted circle and solid circle in the Fig. 1(b) , respectively.
Step height corresponds to one monolayer thick GaN(0001) and hexagonal pit formation indicate that the epitaxial wurtzite GaN(0001) film is grown on template. The small surface pits are preferentially located at the junction between two steps. The origin of these surface pits may be due to the intersection of threading dislocations with the surface. 2, 13 The hexagonal pits formation associates with the remnants of island coalescence. We would like to emphasize that different type of pits are randomly distributed over the surface of GaN films and therefore it is normal to have some areas having more pits than other areas. It was the reason that we analyzed several AFM images of same size from sample prepared in similar conditions and estimated an average number for surface defect densities from these images. The densities of distorted hexagonal pits, hexagonal pits and surface pits are ∼ 2.6 × 10 8 cm −2 , ∼ 6.2 × 10 8 cm −2 and ∼ 2.2 × 10 8 cm −2 , respectively. The total surface defects density on GaN film surface is ∼ 1.1 × 10 9 cm −2 . In addition, field emission scanning electron microscopy (FE-SEM) large scan size images (not shown here) of the all samples were also used to estimate the density of larger pits (distorted and hexagonal pits) and it matches very well with AFM measurements. The defect densities in our GaN film are comparable to the reported values. 12, 15 Generally, the surface defect or dislocation densities in PAMBE grown GaN films on MOCVD grow GaN templates are in range of ∼ 10 9 -10 8 cm −2 . 12, 15 With further increase in growth temperature and keeping all other growth parameters same, we found that the pits density progressively decreases. Fig. 1(c) represents the AFM image of 1.2 μm thick GaN film grown at 740
• C (sample 2). In this case, only two types of surface defects were obtained: hexagonal and small surface pits. The hexagonal pit density is ∼ 1.5 × 10 8 cm −2 whereas the small surface pit density is ∼ 8.3 × 10 8 cm −2 . The total pit density on sample 2 is ∼ 9.8 × 10 8 cm −2 . The rms roughness value for GaN sample 2 is 3.26 nm. The large hexagonal pits and small surface pits were observed from GaN surface grown at 750
• C (sample 3) shown in Fig. 1(d) . The densities of large hexagonal pit and surface pits for sample 3 are ∼ 1.2 × 10 8 cm −2 and ∼ 2.8 × 10 8 cm −2 , respectively. The total pits density for GaN sample 3 is ∼ 4.0 × 10 8 cm −2 . The total pits density on GaN film decreases from ∼1.1 × 10 9 cm −2 to ∼ 4.0 × 10 8 cm −2 with increase in the growth temperature from 730 • C to 750 • C. It indicates that the surface morphology of GaN film grown using PAMBE system is sensitive to the growth temperature during growth. The density of hexagonal pits decreases with growth temperature due to the fast coalescence of islands at high growth temperature. The sample 3 has a smooth surface with rms roughness value 2.62 nm. The rms roughness values of GaN film surfaces decreases with growth temperatures. The high temperature growth condition is favorable to get less surface defects with smooth GaN film.
We have statistically analyzed the sizes and depth of the pits obtained from GaN surfaces at different growth temperatures. The lateral sizes and depth of pits were analyzed from several images on the samples prepared at the growth temperature of 730
• C as shown in Fig. 1(b) and Fig. 2(a) . The distorted hexagonal pits have lateral size 110 ± 15 nm with depth of 20 ± 4 nm whereas lateral size of hexagonal pits is 80 ± 10 nm with depth of 10 ± 2 nm. The line profile across AB line in Fig. 2(a) is presented in Fig. 2(b) . The line profile data also gives pictorial view of deformed hexagonal pits with more depth compared to hexagonal pits with less depth shown in Fig. 2(b) . The lateral sizes of surface pits are in range of 20-35 nm with depth range of 1.2 to 3 nm. On sample 2, the hexagonal pits have lateral size 130 ± 30 nm with depth 22 ± 4 nm whereas lateral size of small surface pits is 20-35 nm with depth 1.2-4.8 nm. Depth of surface pit (Fig. 2(d) ) is smaller than that of hexagonal pit as shown by line profile across line CD in Fig. 2(c) . The large hexagonal pits were observed on GaN film surface grown at 750
• C (sample 3) shown in Fig. 1(d) and Fig. 2(e) . The line profile across EF line in Fig. 2(e) is presented in Fig. 2(f) . The large hexagonal pits have lateral size 200 ± 30 nm with depth 36 ± 5 nm whereas lateral size of small surface pits is 40-50 nm with depth 1.2-6 nm. The line profile along EF line in Fig. 2(e) is presented in Fig. 2 (f) which clearly shows that the hexagonal pits on film grown at 750
• C (sample 3) have larger depths compared to that of the sample 1 and 2. The lateral sizes as well as depth of the hexagonal pits increases with increasing growth temperature. It is also observed that the terrace widths of the PAMBE grown GaN film are quite large (∼120-250 nm) for sample 3 as compared to the epi-layer GaN template, samples 1 and 2. The sizes of pits or surface defects increases whereas the growing GaN surfaces have smooth large terrace at high growth temperatures due to the interplay between the modified surface growth kinetics under the influence of thermal decomposition of GaN or desorption of Ga as well as the step-flow growth mode at high growth temperature. 21 Adelmann et al. 9 also reported that the Ga has been desorbed during growth of GaN at substrate temperature 740
• C with Ga/N Fig. 4 and related text.
ratio ∼ 1. The smooth GaN surface without large pits were only obtained in step-flow growth mode at high substrate temperature in Ga rich conditions.
B. Optical properties of epitaxial GaN films
The PL spectra of epitaxial GaN films grown at three different growth temperatures are shown in Fig. 3 . All the spectra were recorded at room temperature. The spectra have been collected at five different spots of the samples. Intensities of all the spectra taken from the same sample did not change substantially over most of the energy region with different spots. Since the signal intensity does not change much from spot to spot, the intensities of all the spectra taken from the same sample were averaged and plotted together. The average spectra have been normalized to the same height at nearly featureless band that extend from ∼ 3.93 eV (315 nm) to 4.13 eV (300 nm). The spectra consist of two dominant emission peaks, one centered at about 3.4 eV with clearly perceptible shoulders on the ultra-violet (UV) edge and another broad peak at 2.2 eV (560 nm). While the intense peak at about 3.4 eV is mainly due to the near-band-gap (NBG) related transitions, the 2.2 eV peak has been generally associated with defect related mid gap transitions (yellow luminescence, YL). 16, [22] [23] [24] [25] [26] The UV shoulders consist of multiple weaker transitions at higher lying energy level above the conduction band minimum. We also observe a very weak feature around 2.9 eV which could be related to the blue luminescence. [23] [24] [25] The intensity of YL band is high in comparison to NBG for MOCVD grown GaN template (not shown) which indicates that the PA-MBE grown GaN samples have lower defects. TABLE I. Summary of parameters (peak position, FWHM and normalized area) obtained by fitting the NBG peak for three GaN films grown at different growth temperatures. NBG transition spectra were fitted using a Lorentzian function. Uncertainty in determining the values of fitting parameters is estimated to be ±5%.
Near band gap transition
The origin of the NBG transition peak is now well known from the earlier experiments. 11, 27, 28 NBG region is mainly dominated by free exciton transition, donor-to-valence band transition and donor-bound exciton transitions. Thermal broadening and defect related disorder in the film also increases the broadening of the NBG peak. In order to estimate the relative changes in all the three samples due to growth temperature, we have carefully fitted the NBG region. We have used the Lorentzian line shape for fitting the NBG transition peak. Results of data fit are shown in the Table I . The full widths at half maximum (FWHM) of this transition line is 149 meV for sample 1, 150 meV for sample 2 and 136 meV for sample 3. We found that FWHM of NBG peak is lowest for sample 3 grown at 750
• C. It indicates that sample 3 is of the highest crystalline quality compared to sample 1 and 2. Improved crystallinity (lesser disorder) of sample grown at 750
• C is due to the decreased defect density as shown by AFM image analysis (Section III A).
Mid gap level broad defect related PL peak, mainly attributed with YL, centered at 2.2 eV has been reported earlier on GaN epitaxial layers grown by various methods. 7, 16, [22] [23] [24] [25] [26] 29 Origin of this peak has been associated to various kinds of defect related transitions: transition from shallow donors (substitutional O and C complexes, O N and C N ) to deep acceptors (Ga vacancies, V Ga ). [23] [24] [25] [26] The intensity of this peak depends on growth conditions. The width of YL is quite large as compared to the NBG transitions peak, which is a signature of the contribution of multiple defect bands in the mid-gap region. Figure 3 clearly shows that broad peak centered at 2.2 eV decreases for samples grown at higher temperature and its intensity is minimum for sample 3 (750 • C). This observation is in good agreement with lowest defect density found for sample 3 from AFM image analysis (Section III A). Figure 4 shows the defect-related part of the PL spectra. Defect related broad peak is usually fitted with more than one component. [30] [31] [32] In our case, minimum three peaks are required to fit the defect part of the PL spectra. We have fitted the whole defect band spectrum with three components corresponding to the three deep center defect bands contributing to this region. We have used Lorentzian line shapes for all the three fitting components, A 1 (2.0 eV), A 2 (2.2 eV) and A 3 (2.4 eV). The inset of Fig. 3 shows a schematic of the three deep center defect levels present in these samples. While fitting, we kept the energy position and FWHM of all components almost same for different samples. The position, FWHM and normalized area of each component of all the samples are listed in the Table II. From their energy positions and range, one can assign A 1 , A 2 , and A 3 to mainly green, yellow and orange luminescence respectively. It is see from Table II that there is small change in relative percentage of A 1 (decreasing) and A 2 (increasing) from sample 1 to sample 3. However, contribution of YL related A 2 component is almost same for all the samples. It has been reported that intensity of YL does not depend on the density of thread dislocations and it depends on the point defect centers homogeneously distributed over GaN layer as they possess higher recombination rate than that of dislocations. 23 We have shown in section III A that even though there is a decrease in density of hexagonal pits (related to thread dislocations) from sample 1 to sample 3, large numbers of surface pits (point defects) are visible in all samples. It might be the reason that we do not see much change in the relative contribution of YL in all samples. We would like to mention that even though we have assigned A 1 and A 3 to green and orange luminescence respectively, it is not possible to comment on the basis of current data whether these have similar origin in terms of defect level transitions as TABLE II. The fitting parameters for the defect related transition peak in PL spectra are shown. The areas of A 1 , A 2 and A 3 are normalized by the total area of all the components (A 1 + A 2 + A 3 ) of the corresponding sample. The energy positions and FWHM were determined by finding the best fit common to the three peaks. The final fit for all the spectra from different samples were obtained with the same energy positions and almost same FWHM. Uncertainty in determining the values of fitting parameters is estimated to be ±5%. of YL or there are other transitions involved. A detailed and separate study would be required to ascertain the origin of A 1 and A 3 bands.
IV. CONCLUSION
In summary, we have observed variation in the surface morphology and optical properties of the epitaxial GaN film as the growth temperature is changed. AFM images show that surface grown at growth temperature 730, 740 and 750
• C have small surface pits and large hexagonal pits. The average lateral and depth sizes of hexagonal pits increase with increasing growth temperature whereas total surface defect density decreases with growth temperature. The changes in the concentration of defects could well be connected to the growth temperature. The sample grown at 750
• C was found with minimum defect concentration. The defect states of undoped GaN films have been probed using PL spectroscopy. FWHM and relative intensity of NBG peak of sample grown at 750
• C confirms lowest disorder in it and correlates well with our AFM results. This finding is also corroborated by the lowest intensity of defect related mid gap level peak observed for growth temperature at 750
• C. These results show that the growth temperature strongly influences the surface morphology and optical properties of the GaN epitaxial films.
